Germanene, a single-atom-thick germanium nanosheet in a honeycomb lattice, was proposed to be a Dirac fermion material beyond graphene. We performed scanning tunneling microscopy and in situ Raman spectroscopy studies combined with first-principles calculations on the atomic structures and the electronic and phonon properties of germanene on Au(111). The low-buckled 1 x 1 germanene honeycomb lattice was determined to exist in an unexpected rectangular √7 x √7 superstructure. Through in situ Raman measurements, distinctive vibrational phonon modes were discovered in √7 x √7 germanene, revealing the special coupling between the Dirac fermion and lattice vibrations, namely, electron-phonon coupling (EPC). The significant enhancement of EPC is correlated with the tensile strain, which is evoked by the singular buckled structure of √7 x √7 germanene on the Au(111) substrate. Our results present clear evidence for the existence of epitaxial germanene and elucidate the exotic properties of germanene on Au(111).
Two-dimensional (2D) materials with Dirac fermion characteristics have attracted tremendous interest due to their exotic properties, which are relevant for both fundamental research and potential applications. [1] [2] [3] [4] Among these, silicene and germanene, which are the silicon and germanium analogues of graphene, are intriguing because both of them have intrinsic energy gaps in addition to Dirac cones in their electronic band structures. [5] [6] [7] [8] [9] [10] [11] [12] [13] Unlike the negligible gap of 1.55 meV in silicene, germanene is expected to possess a larger intrinsic gap of 24 meV at the Dirac point due to its greater spin-orbit coupling (SOC) effect. [14] [15] [16] It is likely to be a highly promising approach to tune the Fermi level of germanene through electric gating, while keeping its ultra-high charge mobility. Therefore, germanene is regarded as a feasible candidate Dirac-fermion material for the development of high-speed and low-energy-consumption field-effect transistors. 17 In fact, it is surprising that germanium atoms can crystallize into a 2D honeycomb lattice, because the Ge-Ge bond in the bulk germanium is too long to allow the lateral overlapping (shoulder-to-shoulder) of p z orbitals, thus prohibiting sp 2 hybridization.
observed subject to different substrates, for example, 3×3 and 2×2 germanene superstructures (with respect to 1×1 germanene) on Pt(111) and Al(111) surfaces, respectively. 10, 12 These reconstructions indicate that germanene may adopt complicated buckled structures, which are determined by the underlying substrates.
Actually, the buckled height of germanene (∆ ) seems to be predominantly due to the substrates. For example, ∆ is 0.123 nm in germanene grown on Al(111) substrate, but is much smaller (0.064 nm) when the substrate is changed to Pt(111). 10, 12 Because the buckling will have a significant impact on the electronic structure of 2D materials through electron-phonon coupling (EPC), 22 the substrate-modulated buckling may provide an additional way to tailor the electronic properties of germanene.
Unfortunately, the details of the buckled structures in germanene are still unclear due to the great challenge in observing the 1×1 structure. Therefore, how these buckling structures influence the phonon and electronic properties in germanene remains a puzzle and deserves intensive study.
In this work, we have investigated the superstructures of germanium layers grown on Au(111) substrate by low-temperature scanning tunneling microscopy (STM) and in-situ Raman spectroscopy. The honeycomb arrangement of 1×1 germanene was revealed with atomic resolution in a rectangular superstructure, implying the 2D continuous nature of germanene. Combined with first-principles calculations, a structural mode of the √ 7 ×√7 reconstruction in respect to buckled 1 × 1 germanene was identified for this rectangular superstructure. The distinctive phonon mode and EPC in the √7×√7 germanene superstructure on Au(111) attributed to this buckled structure was revealed by in-situ Raman spectroscopy. An obvious shift of the E 2g peak indicates large tensile strain residing in the germanene honeycomb lattice due to germanene-substrate interaction, giving rise to a significant enhancement of the EPC strength.
Results and Discussion
The close-packed Au(111) surface shows a 22 ×√3 reconstruction with a long-range herringbone pattern on the scale of a few hundred nm, as shown in Figure   1 (a) and Figure S1 (Supporting Information). [23] [24] [25] When the substrate temperature is lower than 350 K, Ge nanoclusters tend to form on the Au(111) substrate. With increasing substrate temperature to 400 K, the Ge atoms arrange themselves along the direction of herringbone patterns of Au(111) surface in the sub-monolayer film, establishing a spider-web-like network, as seen in Figure S2 
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In Figure 2 , the superlattice labeled by the green square can be assigned as a √7×
√7 reconstruction in terms of 1×1 germanene. Raman spectroscopy is an insightful tool to probe the phonon dynamics in 2D
Dirac fermion materials, which is distinct from that of their 3D bulk parent. 36 The phonon vibrational properties of all the germanene nanosheets were investigated by in-situ Raman measurements to prevent possible oxidization during ex-situ measurements. No Raman signal of Au(111) can be detected due to the Rayleigh scattering, as shown in Figure S7 (a). The Raman spectra of different Ge nanosheets are shown in Figure 4(a) . The buffer layer and Ge-Au alloy do not show any Raman signal, which may be ascribed to the absence of Ge-Ge covalent bonds after the formation of Ge-Au alloy. Interestingly, the Raman spectrum of √ 7 ×√7
germanene phase shows two peaks at around 179 cm -1 (labeled as peak I) and 228 cm -1 (labeled as peak II), respectively. Both Raman peaks are far away from typical E 2g peak of Ge(111). It verifies that the √7×√7 germanene is not a reconstruction of Ge(111) surface.
In order to reveal the origin of these two vibrational modes of √7×√7
germanene, we performed first-principles simulations of the vibration density of states for both FS germanene and bilayer √7×√7 germanene on Au(111) by assuming a defect-free configuration, as shown in Figure 4(b) . The simulated spectrum of √7× √7 germanene agree well with the experimental results, in which peak I and II correspond to the out-of-plane transverse optical (oTO) mode and E 2g mode, respectively. It should be noted that these two vibration modes could also be identified in simulated results of FS germanene. However, there are obvious frequency shifts for both vibration modes (especially for the E 2g mode) in FS germanene compared to these in √7×√7 germanene. Considering the fact that the E 2g mode can be modulated by the strain effect in 2D materials, [37] [38] [39] [40] [41] the relationship between the frequency shift of the E 2g mode and stain can be described as: [40] [41] [42] [43] 
, where and 0 are the frequencies of the E 2g mode in √7×√7 germanene and FS germanene, respectively; is the dimensionality of the material; is the Grüneisen parameter; and 0 are the Ge-Ge bond lengths in √ 7 ×√7
germanene and FS germanene, respectively. = 2.563 Å and 0 = 2.443 Å from our density functional theory (DFT) calculations, as displayed in Figure S8 Supporting Information, gives 4.91% tensile strain ( ), leading to the frequency of the E 2g mode in √7×√7 germanene being downshifted to 240 cm -1 by taking the coefficient = 940 cm -1 , which is comparable to but still a bit larger than that of peak II in Raman spectra (228 cm -1 ). There should be another factor contributing to the shift of the phonon frequency if peak II corresponds to the E 2g mode of√7×√7
germanene. In fact, the E 2g vibration at the zone center ( point) couples with Dirac fermions at the zone boundary (K points), which is allowed by germanene lattice symmetry. The carriers in the honeycomb lattice mutually interact with the E 2g mode through dynamical perturbations due to the creation and annihilation of virtual long-wavelength electron-hole pairs across the gapless Dirac point. 44 The energy range of the virtual electron-hole pairs allowed by the Pauli principle is determined by the position of the Fermi energy (E F ). The E F of √7×√7 germanene is expected to be lifted by the electron doping from the Au(111) substrate, leading to a shift of the mode frequency. The doping-induced shift of the E 2g frequency has been predicted by previous theoretical simulations. 22, 45 The Raman results for the √7×√7 phase of germanene on Au(111) display distinctive phonon modes distinct from those of Ge(111), which can be used as the Raman fingerprint to identify germanene on the Au(111) surface. 
where is the deformation potential operator associated with the phonon mode ( , ), and is the zero-point oscillation amplitude of a quantum particle. In graphene, the optical branch dominating the EPC is the in-plane C-C stretching mode (E 2g )
which is defined as a characteristic phonon mode ( 0 ) in EPC matrix elements. Thus, the Equation (2) could be simplified as:
Considering that is correlated to the renormalization of electronic energy spectrum at Fermi surface, we calculated the value of by applying a simple second-order perturbation:
This relation originates from the zero-point oscillation amplitude induced by large deformation and the energy reconstruction in the perturbation theory. According to the E 2g peak shift from 290 cm -1 (FS germanene) to 228 cm -1 (√7×√7 germanene), the EPC in √7×√7 germanene is enhanced by up to 60%. It should be noted that the intrinsic linewidth in a defect-free sample is contributed by two factors, namely, electron-phonon interaction and anharmonic phonon-phonon interaction. [48] [49] [50] Therefore, the enhancement of EPC strength in √7×√7 germanene on Au (111) substrate is expected to evoke a larger linewidth of E 2g peak similar to that in graphene. 44, 50, 51 In fact, the E 2g peak linewidth of √7×√7 germanene (~21.1 cm -1 )
is much larger than that of FS germanene (~1 cm -1 ) from previous simulation, 22 as shown in Table I In the case of the first-principles calculations, all geometry optimization and simulation of STM images of Au(111)-supported germanene were carried out using the Vienna Ab Initio Simulation Package (VASP) based on density functional theory and planewave basis. 53 The electron-ion interactions were represented by the projector augmented wave (PAW) potentials. 54 The STM images were simulated by using the Tersoff-Hamann approximation with a constant height of 2 Å above the buckled-up Ge atoms. 55 Meanwhile, the Raman spectrum and phonon vibrational modes of FS germanene were investigated using the CASTEP code based on DFT, the planewave basis, and norm conserving pseudopotentials. 56 In all DFT calculations, we chose the approximation (GGA) to treat the exchange-correlation interaction of electrons. 57 A kinetic energy cut-off of 400 eV for the planewave basis and a convergence criterion of 10 −5 eV for the total energies were carefully tested and adopted in all calculations.
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